Abstract: Quantum defect originating from the stimulated Raman scattering (SRS) effect is a heat source that induces refractive index grating and, thus, significantly decreases the threshold of transverse mode instability (TMI), which is the main limiting factor for the power scaling of high-power fiber lasers. A semi-analytical model that takes the TMI and SRS effects into account was developed, and the impact of the Raman content variation due to changes in the injected seed and fiber length on the TMI threshold was investigated. Experimental demonstrations of the impact of the SRS effect on the TMI threshold are presented. We proved that TMI affects the beam quality of the signal light rather than the Raman light. Taking these facts into account, the suppression of SRS could be an effective way to counter the TMI of fiber lasers.
Introduction
Most recently, transverse mode instability (TMI) has attracted attention because it is responsible for the beam quality degradation of fiber lasers reaching a power threshold, and is therefore a limiting factor for the power scaling of high-power fiber lasers with a nearly diffraction-limited beam [1] , [2] . Quantum defect between the pump and the signal light is the main reason of TMI; the thermally-induced refractive index grating couples the power from the fundamental mode to the first higher-order mode [3] , [4] . Besides, it was found in experiments that the photo-darkening (PD) effect could also induce TMI [5] , [6] . A number of modeling works have been done accordingly, demonstrating that PD losses are a second heat source greatly influencing TMI threshold [7] , [8] . A detailed analysis on the behavior of the quasi-static TMI effect is presented in [9] .
Highly-doped customized fibers usually suffer from high PD losses and, thus, a low TMI threshold. Commercial standard large-mode-area (LMA) fibers, on the other hand, exhibit lower PD losses, but also a still evident TMI effect [10] . Indeed, commercial fibers have comparatively lower pump absorption due to their smaller mode field, so longer pieces of gain fiber are needed to ensure pump depletion, which might intensify the stimulated Raman scattering (SRS) effect. It has been demonstrated that Raman conversion could cause TMI in Raman fiber lasers [11] . In previous research [12] , we found that as the length of the beam delivery fiber after the fiber amplifier increased, the TMI effect was enhanced along with the Raman content in the laser output. Therefore, it is reasonable to suppose the TMI effect is related to the SRS effect in LMA fiber lasers.
In this paper, both theoretical and experimental works are presented to demonstrate that the quantum defect originating from SRS is a heat source that induces TMI effect as well. For the first time, to the best of our knowledge, a semi-analytical model that takes the TMI and SRS effects together into account was developed, and it was proven that the Raman content and the TMI threshold are negatively correlated: an increase of the former is followed by a significant decrease of the latter. Besides, we experimentally found that, it is the signal light rather than the Raman light, the one that suffers from beam quality degradation. A number of strategies are proposed and discussed for suppressing the SRS effect so as to increase the TMI threshold of fiber lasers.
Simulation Model and Results
A semi-analytical model was built to study the behavior of the SRS effect in high-power fiber lasers. For commercial standard Yb-doped LMA fibers, the PD losses and the background losses are normally quite low. Hence, in order to simplify the physical process and to reduce the computational complexity, only the heat generated from quantum defect (due to pump-signal conversion) and the SRS effect (due to signal-Raman conversion) were taken into account in the laser model. Apart from these, gain saturation, which could reduce the TMI threshold [13] , was also included. The heat source in the proposed model can be written as follows: 
In this equation, subscript p , s and R denote the pump light, signal light, and Raman light, respectively, while superscript sat represents the saturation power. I is optical intensity and v is optical frequency. is the overlapping factor. g 0 is the small signal gain and g R is the Raman gain coefficient. With this heat source equation, the temperature distribution along the fiber can be obtained. To simulate the power evolution along the gain fiber, the propagation equations of the pump light, signal light, and Raman light are given, respectively, in (2b)-(2d), while the upper level population derived from steady-state rate equations is expressed in (2a) [14] - [16] . 
In these equations, subscript a and e denote the absorption cross section and the emission cross section, respectively. A represents area and λ is optical wavelength. N 2 is the upper state population while N Yb is doped ions concentration. Using the Helmholtz equation with a slowly varying amplitude approximation and considering gain saturation, the coupled mode equations can be obtained as [12] , [17] - [19] 
In these equations, P i is optical power, i = 1, 2 represent the LP 01 and LP 11 modes, respectively. is the offset frequency between the LP 01 and LP 11 modes. k 0 is the wave vector of the signal and β m can be obtained by solving the equation after applying boundary condition as follows:
The coupling coefficients χ 1 and χ 2 denote the thermally-induced refractive index grating originating from the quantum defect (i.e., pump-signal conversion) and the SRS effect (i.e., signal-Raman conversion), respectively. The two gratings can couple power from the fundamental mode to higher order modes, and thus influence the laser beam quality. The quantum-defect induced grating only exists in the active fiber; on the other hand, the SRS-induced grating is present and increases along the entire fiber, starting from the gain fiber in the oscillator and amplifier through the passive fiber used for laser beam delivery.
In commercial multi-kilowatt fiber laser, a 20/400 Yb-doped LMA fiber and the co-pumped scheme are commonly used [20] . Thus, the same configuration was adopted in the simulation model; the laser system used a master oscillator power amplifier (MOPA) layout and the main parameters are listed in Table 1 . Besides, we assumed that the Raman content in the laser seed was 0.1% and that the length of the passive fiber, including the tail of cladding power stripper (CPS) and the quartz block head (QBH), was 5 m. Assuming that 2 kW of pump power was injected, the power evolution of the pump light, the signal light, and the Raman light along the entire fiber length are presented in Fig. 1 . The power of the Raman light reached 3 W in the end, that is, the Raman content in the output laser was 0.17%. The heat deposition along the fiber was also investigated. The heat generated from the pump-signal conversion and the signal-Raman conversion are plotted in Fig. 2(a) and Fig. 2(b) , respectively. It is clear that, the heat deposition due to SRS effects increased in a nonlinear way along the fiber, composed of 15 m of active fiber and 5 m of passive fiber. In fact, the Raman power and its heat deposition were quite small in this case and, even so, the TMI threshold in our model decreased from 1901 W to 1845 W.
As the length of passive fiber increased, or when the Raman content of the seed was increased, the SRS effect in the laser system became more severe, and the Raman content of the output laser went up, as shown in Fig. 3(b) . On the other hand, owing to the increase of the SRS effect, more heat was generated on the fiber, causing the TMI threshold to drop, as shown in Fig. 3(a) . Consequently, the TMI threshold decreased dramatically as the Raman content in the seed and the passive fiber length were increased. Furthermore, the impact of the length of the active and passive fibers on the TMI threshold was thoroughly investigated, as shown in Fig. 4 . It is clear that the TMI threshold decreased as the overall fiber length increased, due to the increase of the Raman effect as well as the increased heat generation. We also found, as shown in Fig. 4 , that Yb-doped fibers shorter than a certain value, e.g., 12 m, may result in a low TMI threshold. This might be caused by insufficient pump absorption and the decline of the fiber laser amplification efficiency.
Experimental Setup and Results
To investigate the behavior of TMI in co-pumped fiber lasers, a fiber laser system based on the MOPA configuration was developed. The experimental setup is presented in Fig. 5 . In the oscillator stage, pump power from a 50 W diode laser (DL) was injected in the cavity via a (2 + 1) × 1 multimode power combiner (MPC); the cavity was built with 4 m of Yb-doped 10/130 double cladding fiber, of which the nominal absorption coefficient was approximately 5 dB/m at 976 nm, and with a proper high reflector (HR) and output coupler (OC) enclosing it to realize a narrow-linewidth multilongitudinal mode seed laser. After the cavity, a home-made CPS was used to remove unwanted cladding power, and a mode field adapter (MFA) was then employed to minimize insertion losses and to maintain the good beam quality of the seed laser coupled to the power amplifier. In the amplification stage, a co-pumped (6 + 1) × 1 MPC was used to add up pump power coming from other DLs into a 20/400 Yb-doped fiber (YDF). The active 20/400 fiber had a core numerical aperture of 0.065, which could support transmissions in the LP 01 and LP 11 modes. The nominal cladding absorption was approximately 1.2 dB/m at 976 nm, so a 15 m long active fiber was employed to ensure sufficient pump power depletion. Again a home-made CPS, capable of removing 500 W of cladding power, was used afterwards to purify the signal laser in the fiber core, and a QBH was integrated at the end for laser power delivery. The total length of the passive Germanium-doped fiber (GDF), including the parts in the CPS and the QBH, was 10 m.
The output spectra of the laser with the passive fiber length reduced to 5 m are shown in Fig. 6(a) . It is clear that as the power of the output laser increased, the Raman content and two other spectral peaks beside the 1064 nm signal (resulting from four-wave mixing) were all enhanced. The percentage of Raman light in the laser output was calculated and is presented in Fig. 6(b) , from which the increasing trend of the Raman effect when increasing laser power is also quite obvious. The Raman content in the seed laser was less than 0.1%, but rose to 7% for the final output at 2 kW of power. Compared with the simulation result, which was 0.17%, the growth of the Raman content seems to be more intense in the real case. This may be due to our SRS model neglecting the temporal properties of the seed [21] , [22] . In addition, TMI was also analyzed according to the beam profiler measurement results; the threshold value was 1.92 kW, which is in good agreement with the indication of the previous simulation. In fact, it is not apparent whether the Raman or the signal light are affected by TMI, so a long-pass filter with a cut-on wavelength of 1100 nm was inserted before the beam profiler to see pure Raman light. The results, shown in the inset of Fig. 6(b) , demonstrate that the Raman light is nearly in single mode; in other words, TMI emerged in the signal light rather than in the Raman light. In order to investigate the impact of the SRS effect on the TMI threshold, the passive fiber between the final CPS and the QBH was cut to reduce its total length from 10 m to 7.5 m, and then to 5 m. The spectra measurements, shown in Fig. 7(a) , show a clear decrease in the Raman content. The respective TMI thresholds were 1.72 kW, 1.83 kW, and 1.92 kW, respectively. The output spectra at these powers are plotted in Fig. 7(b) , and the Raman content was measured to be 9.1%, 8.8%, and 6.0%, respectively. Our experimental results were in qualitative agreements with the simulation results presented in Fig. 3 . Moreover, we observed that the temperature of the passive fiber increased remarkably when the Raman light increased. Similar to the signal-pump quantum defect, heat is generated due to the conversion from signal light to Raman light. Thermally-induced refractive index grating was produced in both active and passive fibers, causing mode coupling from LP 01 to LP 11 and a decrease of the TMI threshold. Therefore, it might be effective to suppress the SRS effect (and thus increase the TMI threshold) by shortening the passive fiber length.
Discussion
In order to improve the TMI threshold, it is essential to suppress the SRS effect. As indicated in Fig. 4 , shortening the length of the active and passive fibers could be effective to mitigate the SRS effect, but this might limit the application of fibers for lasers requiring delivery at long distances. It should be mentioned that, unlike the laser system presented in the paper, the TMI threshold is independent of the fiber length in Raman fiber lasers [11] . According to previous research [12] , the counter-pumped scheme applied to fiber lasers could also suppress SRS and thus increase the TMI threshold. This is because the valid fiber lengths in which signal-to-Raman conversion could take place are normally shorter and the gain saturation is effectively enhanced when using the counter-pumped architecture.
Moreover, using fibers with a larger mode field diameter could be an effective way to mitigate SRS, which can be derived from theoretical simulations results presented in Fig. 8 . For core diameters greater than 25 μm, lengthening the passive fiber had less of an impact on the TMI threshold, and the Raman content increments could almost be neglected. However, fibers of larger core diameters could guide more modes, which would result in a substantial decrease of the TMI threshold. In addition, a spectral model was developed to predict the impact of the seed laser on the SRS effect, indicating that SRS could be suppressed by increasing the bandwidth of the fiber Bragg gratings or by reducing the seed power [22] . However, increasing the bandwidth of the seed would limit the power scaling of narrow-linewidth lasers. On the other hand, decreasing of the seed power might reduce the TMI threshold because it would worsen the gain saturation [12] . Therefore, there is usually a trade off when suppressing the SRS effect and the TMI effect simultaneously. 
Conclusion
In this work, the impact of the SRS effect on the TMI threshold was investigated both theoretically and experimentally. The quantum defect between the signal light and the Raman light results in a thermally-induced refractive index grating, which may induce the TMI effect. Simulation results verified that the TMI threshold could be significantly reduced as the Raman content in the laser output increases. A similar trend was also found in our experimental results. Besides, we proved that TMI emerges in the signal light rather than in the Raman light. Moreover, methods to mitigate the SRS effect were also discussed, indicating that laser systems require a careful design to properly balance the SRS and TMI effects.
The lateral resolution of the image obtained by numerical reconstruction was assessed utilizing a wavelet image decomposition and image correlation. The best lateral resolution obtained with a high NA recording, 164 nm, represents an improvement of more than a factor two relative to previously published results.
